Abstract. We present a detailed study of the intensity variations of the joint Fourier spectrum of two input objects when one of them is rotated while the other remains fixed by determining the 2-D average contrast of the spectrum as a function of the angle of rotation. The contrast is found to be object dependent, decreases rapidly for small rotations, and has an almost flat response for larger rotations. We explain this behavior in both theoretical and numerical ways for two simple rectangular objects and only numerically using the fast Fourier transform, for binary and grayscale test objects whose analog rotations are acquired with an optomechanical system that uses a high-precision rotatory stage. As an application of the 2-D average contrast analysis a pair of similar cross section images of a biological organ are used, to obtain the lowest rotation angle between them, and as a consequence a quantitative aligning method for fine angular movements is presented that uses a 2f optical-digital coherent processor to obtain the Fourier transform of the input objects. Experimental results are presented.
Introduction
Typically the Fourier transform correlator architectures make use of a correlator filter to find a match between two similar objects by recording the intensity of correlation peaks. [1] [2] [3] Particularly, the first stage in a joint transform correlator ͑JTC͒ is the construction of the correlator filter, which can be regarded as the output of a Young interferometer 4 -7 since both input objects of the JTC behave like two apertures producing a diffraction distribution modulated by a fringe pattern that is known as the joint Fourier spectrum ͑JFS͒. Currently, this spectrum is recorded by a square-law detector. In the second stage, the cross-correlation of the input images is obtained from a Fourier transformation of the JFS, which could be implemented either optically or by software.
In this paper, our point of view is to do a direct analysis of the intensity variations of the JFS alone, to detect differences in input objects having different rotations. 8 The advantage of this procedure is that the second stage of the JTC is not required to estimate the rotation angle of the target image. We present a detailed study of the intensity changes of the JFS when one of two input objects is rotated while the other remains fixed by determining the average contrast as a function of the angle of rotation. 9 Moreover, some conventional 2-D image processing methods, such as pattern matching, obtain rotations of the targets by digital means. These methods require a significant amount of computation because of the necessity to resample the target image with appropriate interpolation for each trial rotation angle. 10 This procedure is then repeated for a set of angles expected to span the unknown angle in the reverse direction. In addition, it is based on the simplifying assumption that the center of rotation is known. If it is not, then to extend the correlation function concept, it is necessary to translate the target image to a trial translation coordinate system, rotate that image by a trial angle, and translate again to a new inverse translation coordinate system. This procedure is computationally intensive. To overcome the problem of target rotation we implemented analog rotations by means of a high-precision rotatory stage 11 controlled by a computer. Additionally, the center of the target after a rotation is not calculated to obtain a good correlation with the reference image, because the 2-D average contrast is independent of the separation between the input objects, as we show in Sec. 2.
On the other hand, in some physiological laboratories is useful to cut organs in cross sections for research reasons and so forth. These slices are physically allocated on slides for later observation; this allocation is made randomly. As a result, every slice has different orientation and consequently a digital acquisition of each of them causes misalignment between similar ͑consecutive͒ images of the whole organ. We present here a quantitative alignment method for two similar cross section images of the organ by means of the maximum value obtained in the calculation of the 2-D average contrast of their JFS as a function of the rotation angle of one input slice. To calculate the value of the contrast for every rotation angle, the optical Fourier transform of the images is required, which is implemented in a 2f coherent optical-digital Fourier transformer that uses 12 a liquid crystal TV ͑LCTV͒ as the input plane. Section 2 theoretically explains the 2-D average contrast in the JFS as a function of the angle of rotation for a pair of rectangular functions, and numerically by means of a fast Fourier transform ͑FFT͒. Section 3 presents an optomechanical acquisition setup to magnify, rotate, and acquire the images of the binary and gray-scale test objects that were used. Section 4 presents an alignment method for the organ cross section images along with a similarity criterion. Finally the conclusions to our research are presented in Sec. 5.
Theoretical Analysis: A Review

General Case
Let g and h be two equidistant similar functions along the x axis separated center to center a distance 2a. Their transmittance function t is given by t͑x,y ͒ϭg͑ x,y ͒*␦͑ xϩa,y ͒ϩh͑ x,y ͒*␦͑ xϪa,y ͒, ͑1͒
where g and h are the reference and target functions, re- For two very small apertures, the far-field intensity distribution produced by a Young interferometer consists of a fringe pattern windowed by the central diffraction order, so Michelson visibility criterion can be applied for measuring the contrast ␥ as given by
where I max and I min are, respectively, the maximum and minimum intensities observed in the fringe pattern. Since ␥ϭ1 when I min ϭ0, and ␥ϭ0 when I max ϭI min , ␥ is bounded and strictly decreasing in the interval ͓0,1͔ as I min approaches I max . However, it is common in a JTC setup to use extended objects as inputs so the fringe pattern will now be windowed by several diffraction orders and ␥ must be expressed as a function of the spatial frequencies u and v in the Fourier plane as ␥͑u,v͒ϭ
where
and
or more precisely,
For a certain frequency region R in Fourier space, the normalized or mean visibility 2-D contrast͒ is then obtained from
where A(R) is the area of the selected region of the spectrum. For the case of a rectangular domain, the expression is
A change in the contrast can be induced, for example, by considering the angle of rotation in one channel of the JTC input. 8, 9 Consequently, the 2-D contrast is also a function of and
where G(u,v)ϭJ͕g(x,y)͖ and H (u,v)ϭJ͕h (x,y)͖ are the Fourier transforms of the reference and target ͑input rotated object h ) functions. If an average is taken over a certain region R in the u,v plane, Eq. ͑19͒ becomes a measure for detecting differences in the JFS under dual input single-channel rotation:
Two-Slit Case
Consider, as shown in Fig. 1 , the simple case of two rectangular slits of width 2L x and height 2L y , where the reference object to the left of the origin is denoted by g and the target to the right is represented by h. The transmittance function is given by
͑22͒
Letting S p (r)ϭsinc c(2L p r), the Fourier spectra of g and h are
respectively. The 2-D contrast is given by
which is independent of the separation 2a between the input objects. A gray-scale 2-D density map representation of ␥ (u,v,) for specific values of 2L x , 2L y , and is shown in Fig. 2 . On the other hand, the 2-D average contrast ␥ (u,v,) can be determined by numerical integration over a rectangular region of spatial frequencies, as indicated in Eq. ͑19͒. Also ␥ (u,v,) can be described from a 1-D profile by letting, for example, uϭ0 or vϭ0, and integrating over the proper interval. If we set vϭ0, then it simplifies to
The case for two vertical thin slits is obtained if L x →0 in Eq. ͑26͒. The graphs in Figs. 3 and 4 establish the average contrast behavior for the same ranges of the angle of rotation, for both one and two dimensions, but different aspect ratio. It is clear from Figs. 3 and 4 that ␥ drops quickly in a small range of rotation angles. If a larger spectral region R is taken from JFS, and in addition for larger values of , the average contrast shows a damped oscillatory behavior.
Experimental Setup
Acquisition Optomechanical System
In digital image processing, rotations are limited to specific values of due to the underlying discrete grid; in addition, interpolation and variable background size algorithms are required for arbitrary angles, so we consider a better choice to digitize analog rotations by means of a simple optomechanical setup. A sketch of optomechanical system is shown in Fig. 5͑a͒ . The arrangement consists of a white light illuminator ͑10 to 30 W͒, a computer-controlled highprecision rotatory stage 11 ͑1/20 deg angular resolution͒ that holds the transparencies of the objects to be rotated or/and digitized, a 35-to 75-mm zoom lens, and a 1/2 in. CCD B&W camera ͑768ϫ494 px͒ with a video frame rate of 30 frames/s. Although the rotation servomechanism has a fine angular resolution, our CCD detector could only resolve 1/6 deg, so six samples per degree can be digitized correctly. The acquisition process of the digital images of the transparencies is divided into two parts, depending on whether or not the reference or target object is mounted on the precision rotatory stage. For instance, if a reference object is mounted, it is digitized with only one position and orientation. However, when a target transparency is mounted it is digitized at the same time that it is rotated with the rotatory stage. Thus, the target object selected is digitized many more times than its reference, according to the angle range that was taken. Therefore, one digital image of the reference g is obtained that is correlated with a set of digital images of the target h , i.e., one comparison of the reference with the targets per every rotation angle .
Test Objects: Binary and Gray Scale
We used three binary and two gray-scale objects as test objects and they are shown in Figs. 6 and 7, respectively, each one recorded on a 35-mm transparency and allocated in the rotation servomechanism of the optomechanical system. Every object was digitized using two different rotation intervals; the large range goes from 0 to 90 deg with an heterogeneous sampling of ͕0,1,...,10,12,...,20,25,..., 50,60,...,90͖ deg, the small range goes from 0 to 5 deg with an homogeneous sampling every 1/4 deg. All the acquired rotations were enhanced by thresholding the background noise introduced by the CCD and scaling the images to 256ϫ256 pixels for the FFT calculations. Equation ͑27͒ gives the expression for the 2-D average contrast in terms of the spectra of the reference and rotated objects:
As an illustration, Fig. 8 shows the JFS of letter ''A'' for two different angles; it is easily observed how the fringe pattern is blurred under rotation due to the relative positions of the interfering diffraction patterns produced in each channel. All the 2-D average contrast curves shown here were evaluated over the finite region of the Fourier plane determined by the FFT spectrum calculation. Figures 9 and 10 show the graphs of ␥ (u,v,) for ͓0 deg, 90 deg͔, for different objects. From the figures, it is clear that the shape and slope rate of each average contrast curve is object dependent, decreases faster for small angles, and exhibits oscillatory behavior for larger angles mainly due to gross dissimilarities or geometrical symmetries between the reference and target objects. However, if restriction is made to a small rotation angle range, say for example, when ͓0 deg, 5 deg͔, as displayed in Fig. 11 , the main response is a quick drop in the contrast of the fringe pattern.
Quantitative Alignment Method of the Cross Section Images of an Organ
Our purpose here is to show a quantitative alignment method for cross section images of an organ by means of Figures 12͑a͒ and 12͑b͒ show the graylevel digital images of two similar slices of a rat brain.
Experimental Setup
The optical Fourier transforms of the gray-level images of the reference and rotated targets were implemented by a 2 f optical-digital coherent processor with an LCTV as the input plane. A sketch of the processor used here is shown in Fig. 5͑b͒ . The 2 f spherical wavefront architecture enables scaling of the Fraunhofer difraction pattern. The source is a He-Ne laser with ϭ543 nm whose output beam is spatially filtered; a convex lens with f ϭ300 mm was chosen as the transforming lens so that the central replica of the multiple spectra falls exactly on the CCD sensor area, leaving out the high-order replicas of lower intensity produced 13 by the sampling effect of the LCTV. The images are displayed 12 sequentially in a 4.8ϫ3.6-mm LCTV of 320 ϫ240 physical pixels by means of a video electronic interface to a microcomputer; also the paraxial conditions are satisfied because of the area ratio Ϸ100:1 between the lens and the LCTV. The control microcomputer runs at 200 MHz with an accelerated video interface working in 640 ϫ480 video graphics array ͑VGA͒ black-and-white mode; the electronic circuitry of the LCTV scales the VGA input by half in both dimensions so a 2ϫ2 pixel block on the PC display is mapped into 1 pixel on the LCTV.
Alignment Criteriom
Let G(i, j) and H (i, j) be two digital images with the same spatial dimensions mϫn, where the integers i ϭ0,1,2,...,mϪ1 and jϭ0,1,2,...,nϪ1 are the rows and columns, respectively, of their data matrices. Note that G(i, j) and H (i, j) represent the intensity patterns of the optical Fourier transforms of the reference and target images, respectively, as shown in Figs. 12͑c͒ and 12͑d͒. These were obtained with by 2 f optical-digital coherent processor and acquired by a CCD detector. Now, as indicated in Eq. ͑28͒, the 2-D average contrast of a JFS can be calculated from the intensity Fourier patterns G(i, j) and H (i, j) as follows:
By the similarity theorem, 14 if a function rotates an angle , its Fourier transform rotates the same angle. Thus, if the target object sequentially rotates, its intensity Fourier patterns H (i, j) also rotate. If the intensity Fourier patterns of a target can be digitized and replaced in the last equation, the value of the 2-D average contrast ␥ (i, j,) changes.
Three sets of target objects from rat brain slices were digitized ͑an optomechanical acquisition system was used͒ with two different rotation interval. For the first set from Ϫ5 to 5 deg with homogeneous sampling of every 1/3 deg, and for the second and the third sets, respectively, from Ϫ3.5 to 3.5 deg every 1/4 and every 1/6 deg. The intensity Fourier patterns of the input images were acquired and replaced in Eq. ͑28͒. As shown in Fig. 13 , the maximum value of the 2-D average contrast can be used to detect the lowest angle between two similar images.
The alignment method works only for similar images, so they must satisfied the following established similarity criteria:
sequential order ͑they can to belong a 3-D solid͒. 2. We assume a relation of similarity between any pair of consecutive slices, i.e., R s ϷR sϩ1 , sϭ1,...,kϪ1. 3. We also assume an angle difference between input images, i.e., Єg Єh . 4. The quantitative that measures the similarity could be an absolute or relative error. It can also be chosen as the squared error ratio 10 ͑SER͒ between contiguous slices as follows: As shown in Fig. 14 the SER becomes lower as the similarity between images is increased.
Conclusions
A direct analysis of the JFS in a JTC can be useful for detecting differences between the input objects by considering the first stage of a JTC as a Young interferometer with small extended openings and using the 2-D average contrast of the JFS as a quantitative measure of these differences, because the maximum value of the contrast can be used to detect the lowest angle between two similar images. Although the ␥ (i, j,) depends on the object, it shows a common behavior for the small rotation angle ranges where the contrast diminishes quickly, and for larger angles of rotation it oscillates. The small rotation range criterion can be exploited to detect small rotational displacements or for 2-D optimal alignment between similar input objects. However, for a better precision alignment, the images must be detected with a better resolution CCD detector, and maybe better angular resolution for the precision rotatory stage. An automatization of the 2-D average visibility calculation can be done if the acquisition optomechanical system is added to the 2 f optical digital coherent processor. Then the intensity patterns of the Fourier transforms of the reference images can be saved in the ROM of a computer and only the Fourier transform intensities of the target images can be sequentially replaced in the Eq. ͑28͒. Moreover, the accuracy of the quantitative measure of the rotation angle with our aligning method were found to be of 1/6 deg, as shown in Fig. 13͑c͒ , with the biological organ images shown in Fig. 12 .
Our contribution consists of the 2-D analysis in Sec. 2, of the use of precise analog rotations in Sec. 3, and a quantitative alignment optical method of digital images of organs in Sec. 4.
